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Abstract: Development of imaging methods capable of furnishing tumor-specific morphological, func-
tional, and molecular information is paramount for early diagnosis, staging, and treatment of breast
cancer. Ultrasound (US) and optoacoustic (OA) imaging methods exhibit excellent traits for tumor
imaging in terms of fast imaging speed, ease of use, excellent contrast, and lack of ionizing radiation.
Here, we demonstrate simultaneous tomographic whole body imaging of optical absorption, US reflec-
tivity, and speed of sound (SoS) in living mice. In vivo studies of 4T1 breast cancer xenografts models
revealed synergistic and complementary value of the hybrid imaging approach for characterizing mam-
mary tumors. While neovasculature surrounding the tumor areas were observed based on the vascular
anatomy contrast provided by the OA data, the tumor boundaries could be discerned by segmenting
hypoechoic structures in pulse-echo US images. Tumor delineation was further facilitated by enhancing
the contrast and spatial resolution of the SoS maps with a full-wave inversion method. The malignant
lesions could thus be distinguished from other hypoechoic regions based on the average SoS values. The
reported findings corroborate the strong potential of the hybrid imaging approach for advancing cancer
research in small animal models and fostering development of new clinical diagnostic approaches.
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Abstract 
Development of imaging methods capable of furnishing tumor-specific morphological, functional, and molecular information is 
paramount for early diagnosis, staging, and treatment of breast cancer. Ultrasound (US) and optoacoustic (OA) imaging methods 
exhibit excellent traits for tumor imaging in terms of fast imaging speed, ease of use, excellent contrast, and lack of ionizing radiation. 
Here, we demonstrate simultaneous tomographic whole body imaging of optical absorption, US reflectivity, and speed of sound (SoS) 
in living mice. In vivo studies of 4T1 breast cancer xenografts models revealed synergistic and complementary value of the hybrid 
imaging approach for characterizing mammary tumors. While neovasculature surrounding the tumor areas were observed based on the 
vascular anatomy contrast provided by the OA data, the tumor boundaries could be discerned by segmenting hypoechoic structures in 
pulse-echo US images. Tumor delineation was further facilitated by enhancing the contrast and spatial resolution of the SoS maps with 
a full-wave inversion method. The malignant lesions could thus be distinguished from other hypoechoic regions based on the average 
SoS values. The reported findings corroborate the strong potential of the hybrid imaging approach for advancing cancer research in 
small animal models and fostering development of new clinical diagnostic approaches. 
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Introduction 
Breast cancer is the most frequent noncutaneous type of cancer in women 
and the second cause of cancer-related deaths in the female population [1] . 
Imaging-based mammography screening is considered to be a major factor 
leading to a 15% to 30% reduction of breast cancer mortality [2] . X-ray 
imaging of the breast remains the gold standard for breast screening in the 
clinical setting. Yet, this approach involves exposure to ionizing radiation and 
pain caused by breast compression. Moreover, false positives are produced, 
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e.g., due to the presence of cysts [3] and the sensitivity is low in women with 
radiographically dense breast [4] . Magnetic resonance imaging and pulse- 
echo (reflection) ultrasound (US) are then also routinely used in the clinics 
to complement the drawbacks of x-ray mammography. Magnetic resonance 
imaging provides high sensitivity for the detection of breast cancer, yet it 
attains low specificity and comes with high operational costs [5] . Pulse- 
echo US can distinguish between liquid-filled cysts from solid masses and 
even detect tumors not visible in x-ray images [6] . However, standard hand- 
held scans are operator dependent, which prevents the wide use of US as a 
standalone method. 
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In recent years, multispectral optoacoustic tomography (MSOT) imaging 
has been shown to significantly enhance the capabilities of pulse-echo US for 
the detection of breast carcinomas [7] . Identification of tumors in MSOT 
images is facilitated by key biomarkers such as local increases in vessel density 
around the tumor region [8 , 9] , changes in oxygen saturation in the tumor 
microenvironment [10 , 11] or alterations in the local distribution of fat, 
collagen, and other intrinsic tissue chromophores [12] . The MSOT imaging 
depth is maximized for optical wavelengths around 1064 nm due to relatively 
low scattering and absorption of light by living tissues and the high energy 
of commonly available lasers at this wavelength [13] . However, optoacoustic 
(OA) imaging is generally incapable of accurate delineation of tumor shape 
and boundaries. Complementary anatomical information can be provided 
with pulse-echo US images rendered with hybrid systems [14 , 15 , 16] . Also, 
US imaging can be performed in transmission mode, in which case additional 
important mechanical and elastic tissue parameters can be extracted, such as 
maps of speed of sound (SoS) and acoustic attenuation (AA) [17] . Recent 
studies showed that SoS maps provide a powerful means to identify the tumor 
volume [18 , 19] , while AA maps can provide enhanced contrast for different 
tissue types [20] . 
In this work we employ a trimodal transmission-reflection optoacoustic 
ultrasound (TROPUS) imaging platform for simultaneous characterization 
of solid tumors in mice. The imaging approach is based on a full ring 
of cylindrically focused transducers that can provide high-resolution cross- 
sectional OA images in real time by exciting the tissue with a single laser pulse. 
Sequential excitation of the array elements and detection of the reflected and 
transmitted US waveforms further enables forming pulse-echo US as well as 
SoS images. We further employed a full-wave inversion (FWI) method for 
reconstructing the transmission US data [17] , which resulted in enhanced 
contrast and resolution as compared to the previously reported TROPUS 
implementation [21] . 
Materials and methods 
The imaging setup 
The experimental set-up employed for image acquisition consists of 4 
main modules, namely, a high-speed active transmission and data acquisition 
system (DAQ), an US ring-shaped transducer array, a pulsed laser source 
and a workstation computer ( Figure 1 a). OA pressure waves are generated 
by illuminating the tissues with a nanosecond Nd:YAG pumped laser 
source (Spectra-Physics, Santa Clara, CA, USA) operating at 15 Hz pulse 
repetition rate. The full-ring-shaped transducer array was custom engineered 
(Imasonic Sas, Voray, France) for tomographic cross-sectional small animal 
imaging. It consists of 512 cylindrically focused transducer elements with 
dimensions 0.37 × 15 mm 2 and interelement pitch of 0.47 mm. All the 
transducer elements are distributed equidistantly on 2 arcs, each covering a 
174 ° angle. The radius of curvature is 40 mm and every single transducer 
element is cylindrically focused at 38 mm distance (x–z plane in Figure 1 a) 
to create a cross-sectional imaging geometry. The peak central frequency 
and transmission/reception bandwidth of the array elements at −3 dB are 
5 MHz and 60%, respectively. The US array generates pressure waves used to 
interrogate the imaged sample in transmission US imaging mode while also 
detecting the pressure waves transmitted/reflected or generated within the 
imaged cross section in the pulse-echo US and OA modes, respectively. In 
the US transmission mode, the excitation pulses are transmitted by the DAQ 
to each element of the array to generate US waves. When DAQ is switched 
to the receive mode, the detected pressure signals collected by the elements 
of the transducer array are digitized and transmitted over 1 Gbit/s Ethernet 
connection to the host PC. Digitization sampling rate of 40 megasamples 
per second and vertical resolution of 12 bits were used for data acquisition. 
For collecting 3D image data, the US array was translated in the vertical 
direction (y axis in Figure 1 a) with 1 mm step size using a motorized stage. For 
mouse imaging, the array was placed inside a temperature-controlled (34 °C) 
water tank to increase the acoustic coupling efficiency between the imaged 
object and US sensors. The workstation computer having 128 GB of random 
access memory and NVIDIA GeForce GTX 1060 graphical processing unit 
synchronizes the DAQ and the laser by setting the transmission parameters 
and controlling reception events. It is also used to record and process the 
acquired signals to reconstruct images. 
Optoacoustic tomography 
OA tomographic imaging of mice was performed at 1064 nm as this 
particular wavelength is known to have deep penetration into living 
mammalian tissues [13] . A fiber bundle (LightGuideOptics GmbH, 
Rheinbach, Germany) separated into 12 output ferules on its distal end was 
used to deliver the light beam from the laser output to the imaging sample. 
For this, 6 output ferules were placed with 60 ° separation (equidistantly) on 
each side of the transducer array ( Figure 1 a) to facilitate uniform light delivery 
to the imaged mouse cross section. The output ferules of the bundle having 
0.21 × 12.65 mm 2 dimensions were tilted 24 ° to attain an illumination ring 
with an area of 6 cm 2 upon the mouse surface. The pressure waves excited 
within the sample were received with 512 elements after every laser pulse and 
simultaneously digitized with the DAQ. OA images over a field of view (FOV) 
of 25 × 25 mm 2 were reconstructed using a back-projection algorithm after 
band-pass filtering the raw data in the 0.5 to 6 MHz frequency range [22] . 
The mouse boundary was manually segmented in the OA images to suppress 
the background. The images were subsequently normalized with a modified 
Bessel-function that was previously shown to approximate well the diffuse 
light distribution within a homogenous scattering and absorbing cylinder 
[23] . Finally, a vesselness (Frangi) filter was applied on the images to increase 
the vascular contrast [24] . 
Reflection (pulse-echo) ultrasound computed tomography 
US imaging was performed by sending a short pulse consisting of one 
cycle of bipolar signal (20 V pp ) with duration of 0.16 μs to each element of 
the array in every transmission event. The transmission events were repeated 
to transmit pressure signals with all array elements. In one transmission 
event, the DAQ can transmit with a single element and receive reflected or 
transmitted signals from other 128 elements. Thereby, the pulse transmission 
events for each element were repeated 4 times so that the signals from all 
512 elements (360 ° full coverage) are acquired. The reflection US computed 
tomography (RUCT) images were reconstructed with the synthetic transmit 
aperture technique. Synthetic transmit aperture uses different single element 
in each transmission event and then coherently compounds the images from 
those transmission events to form the final image [25 , 26] . For the beam- 
forming process, 64 elements located to the left and 64 elements to the right 
from the transmitting element were included. In total 129 channels including 
the signals detected by the transmitting element were used for reconstruction 
of one subframe for every transmission event. The standard delay-and-sum 
algorithm was used for reconstructing low-resolution subframes over 25 × 25 
mm 2 FOV equivalent to that of the OA images. This process resulted in 512 
low-resolution images that were acquired by each transmission event, which 
were then coherently compounded to form the final high-resolution image. 
Speed of sound imaging 
SoS tomography images were reconstructed from the US waves traversing 
the sample (mouse). For each transmitting element, the signals collected from 
171 elements located on its the opposite side were considered ( Figure 1 a). 
SoS maps were reconstructed with a FWI method [17] . A time-of-flight 
(TOF) picker algorithm was used to calculate the difference between the TOF 
of waves propagating in water and through the sample [27 , 28] . This TOF 
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Figure 1. The trimodal transmission reflection optoacoustic ultrasound (TROPUS) imaging platform. (a) Excitation and acquisition steps in the optoacoustic 
(OA) imaging mode, reflection ultrasound computed tomography (RUCT) mode, and transmission ultrasound computed tomography (TUCT) speed of sound 
(SoS) imaging mode. (b) Illustration of 3D stacks of cross-sectional multimodal images acquired noninvasively from tumor-bearing mice. (c) Representative 
TROPUS images of a cross section of the tumor region in a mouse. From left to right, optoacoustic (OA) image, reflection ultrasound computed tomography 
(RUCT) image, and speed of sound (SoS) image acquired in the transmission ultrasound computed tomography (TUCT) mode and reconstructed with the 
full-wave inversion (FWI) method. 1 – Skin, 2 – Tumor, 3 – Urinary bladder, 4 - Femur. 
picker algorithm was improved by weighting, median filtering and reciprocal 
pair comparison of the calculated TOF values, as previously described [29] . 
The wave propagation model was based on sampling the space between 
emitter and receiver along multiple paths using a family of Bézier curves. 
In short, the FWI method convolves a reference waveform with estimated 
TOF values from different paths corresponding to the defined curves [30] . 
Then, it minimizes the cost function between simulated waves and the 
measurements by changing SoS values in the defined image grid. This process 
is repeated iteratively until the cost function converges. The estimated SoS 
values provide the corresponding wave propagation speed for the defined 
cross-sectional reconstruction grid containing the mouse and background 
medium. Herein, the FWI method was employed to achieve improved 
resolution and contrast in the transmission US imaging mode as compared 
to the previously reported TROPUS implementation [21] , which used the 
less accurate bent-rays approach. In the latter case, the wave propagation 
was significantly simplified and modeled as a narrow ray going through the 
path with the lowest TOF between the emitter and the receiver. Despite its 
merits, FWI has high computational complexity, which results in 5 min of 
reconstruction time per slice when using graphical processing unit. In this 
study, we further performed a comparison of the SoS maps reconstructed 
with all the 3 approaches. Transmission US further enables reconstructing 
AA maps. However, these were not considered in the current study due to 
lack of valuable tumor-related contrast. 
Animal handling 
In total, 5 mice of the same age were imaged with the TROPUS system. All 
mice were anesthetized with 1.8% isoflurane in 100% oxygen flowing at a rate 
of 0.8 L/min. A custom-designed animal holder was used to keep the imaged 
mouse in vertical position inside the ring-shaped detector array. The head of 
the mouse was kept above the water level and a mask was used to deliver the 
oxygen-anesthesia mixture. The water temperature was maintained at 34 °C 
during the measurements. One of the mice (M1) was used as a control with 
no tumor. The other 4 mice had orthotopic tumors induced via inoculation 
of 4T1 mammary carcinoma cells in the mammary fat pad. Cell inoculation 
was performed at different days to characterize the ability of the TROPUS 
system to image tumors at different stages. Specifically, 2 orthotopic tumors in 
mice M3 and M4 were induced 1 mo before the experiment, while the tumor 
cells were inoculated 3 wk before the experiment in mice M2 and M5. All 
procedures involving animal care and experimentation were conducted in full 
compliance with the institutional guidelines of the Institute for Biological and 
Medical Imaging and with approval from the Government of Upper Bavaria. 
Results 
The representative 3D image stacks acquired noninvasively from a tumor- 
bearing mouse are shown in Figure 1 b, corroborating the system’s ability to 
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Figure 2. Comparison between different methods for rendering the speed-of-sound (SoS) images with transmission ultrasound computed tomography. (a) 
Straight ray approximation. (b) Bézier curve reconstruction. (c) Full-wave inversion (FWI). Reconstructions from different cross sections acquired from the 
same mouse with 1 mm steps are shown – see Figure 1 b. The SoS values were calculated over the tumor (green curve) and urinary bladder (cyan curve) areas 
manually segmented in the FWI images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.) 
simultaneously deliver whole body multimodal OA and US data from mice. 
Representative cross sections of the OA, RUCT, and SoS images covering 
25 × 25 mm 2 FOV containing the tumor are further shown in Figure 1 c. 
The tumor location can be readily identified as a hypoechoic region in the 
RUCT image and as a region with lower vessel density in the OA image. In 
addition, SoS images enable the tissue assessment based on the distribution 
of its elastic modulus and density. 
Note that the quality of the SoS images strongly depends on the 
inversion method. Indeed, the tumor mass is barely visible in the images 
reconstructed using straight ray approximation, which generally exhibit size- 
distortion due to refraction and poor contrast and resolution (first column 
in Figure 2 ). When a more accurate modeling approach is attempted for 
the SoS reconstruction assuming Bézier-curve type of wave propagation, the 
reconstructed image quality readily improves (second column in Figure 2 ). 
In our previous work the Bézier curve approximation was shown to be 
sufficiently accurate to enable the segmentation of outer boundaries and 
major anatomical structures [21] . However, quantitative analysis of smaller 
regions such as tumors cannot reliably be performed with this approach due 
to insufficient spatial resolution and contrast. While increased values of SoS 
are observed in the tumor region, similar values also appear in other regions, 
thus hampering unequivocal tumor differentiation. The state-of-the-art FWI 
reconstruction method significantly improves the resolution, contrast, and 
overall quality of the SoS maps (third column in Figure 2 ), facilitating clear 
delineation of the tumor boundaries and other anatomical structures. This 
is also shown in Figure 1 c by comparing RUCT and SoS images. Further 
analysis was done to compare SoS values in different anatomical regions, 
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Figure 3. Cross-sectional multimodal images of the tumor-bearing (M2–M5) and tumor-free (M1) mice acquired from approximately the same abdominal 
region. Histological cryosections taken from approximately corresponding regions ex vivo are shown in the bottom row. The tumors and other anatomical 
structures are labeled: 1 – Vertebral column, 2 – Caudal vertabrae, 3 – Urinary bladder, 4 – Tumor, 5 – Coxal bone, 6 – Ischium, 7 – Female urethra. 
namely tumor and urinary bladder, estimated with each reconstruction 
method. These anatomical structures were manually segmented in the cross 
sections rendered with the FWI method. The calculated mean and standard 
deviation of the SoS values in the tumor were 1614 ± 11.45 m/s, 1544 ±
3.60 m/s, and 1564 ± 6.17 m/s for the straight ray approximation, the Bézier 
curves method and the FWI method, respectively. The corresponding values 
for the urinary bladder were 1611 ± 7.84 m/s, 1541 ± 2.14 m/s, and 1584 ±
11.02 m/s. Thus, no clear distinction between the tumor and urinary bladder 
can be made by analyzing the SoS values rendered with the straight ray and 
Bézier curves methods, yet such differentiation is possible based on values 
extracted with the FWI methods. The volumes of the tumor and urinary 
bladder regions were further estimated by integrating the segmented regions 
over consecutive slices. This resulted in 219 mm 3 and 196 mm 3 estimates for 
the tumor and urinary bladder, respectively. 
We subsequently analyzed in vivo data from n = 4 tumor-bearing mice 
(M2–M5) and a tumor-free mouse (M1). The results are shown in Figure 3 . 
While vascular density/size is clearly altered in the tumor regions according 
to the OA data, the lesion boundaries cannot be accurately discerned from 
those images. The RUCT data are used instead for anatomical guidance 
and segmentation of the tumor boundaries. Yet, anechoic or hypoechoic 
structures corresponding to malignant tumors may easily be confused with 
other mouse organs. For example, the urinary bladder, clearly distinguished as 
a low intensity region in the RUCT image of M1 ( Figure 3 ), exhibits similar 
characteristics to tumors regions shown for other mice. In this regard, the 
additional information provided by OA facilitates classifying this region as 
benign since no increase in vessel density or thickness occurs around expected 
tumor region. OA images from M3 and M4 show increased vessel density 
around the tumor region but not in the tumor core, which is consistent 
with previous studies [10 , 31] . However, OA images are often corrupted with 
streak type artifacts [32] that can be observed in the urinary bladder area. 
Note that such artifacts are commonly amplified by the Frangi filtering (see 
image comparison in the supplementary information), which may lead to 
misinterpreting the artifacts for blood vessels. In general, the streak artifacts 
can be mitigated by using an imaging system with higher number of elements 
or employing more sophisticated reconstruction approaches [33] . Note also 
that the RUCT images of M3 and M4 exhibit several regions with low 
intensity, which seem to be difficult to classify as benign or malignant even 
in conjunction with the vascularization information provided by the OA 
data. This turns even more challenging for M2 and M5, which have small- 
sized tumors. In those cases, the SoS data may serve as a complementary 
modality for increasing specificity of tumor detection and characterization. 
The tumor locations identified by the multimodal in vivo TROPUS imaging 
were further confirmed by studying the histological cryosections taken from 
approximately corresponding regions ex vivo (last row in Figure 3 ). Note 
that while the anatomical structures visible in the cryosections were generally 
matching the information obtained by TROPUS, the exact shape and size of 
the different structures might have changed due to compression and freezing 
of the samples. 
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Figure 4. Tumor segmentation and characterization. (a) The manually segmented tumor areas in the SoS images reconstructed with full-wave inversion 
(FWI) method. (b) The corresponding segmentations based on the reflection ultrasound computed tomography (RUCT) images. (c) The segmented areas 
superimposed onto the optoacoustic (OA) images. (d) Measured mean and standard deviation of speed of sound (SoS) values inside the segmented ROIs 
based on SoS-based tumor segmentations. (e) Comparison of the measured tumor areas based on the SoS- and RUCT-based tumor segmentations. The ratios 
between the calculated areas are presented for each imaged mouse. 
To compare the information provided by reflection and transmission 
US, the tumors were manually segmented in the RUCT and SoS images 
following their identification and localization using the multimodal data. The 
segmented regions based on the SoS ( Figure 4 a) and RUCT ( Figure 4 b) data 
were then superimposed on the OA images ( Figure 4 c). Even though the US- 
based segmentations generally match the regions with low vessel density in the 
OA images, robust tumor differentiation based on vascular OA features seems 
challenging. We subsequently generated binary masks from the segmented 
region of interests (ROI) and extracted the mean and standard deviation of the 
SoS values in the tumor regions ( Figure 4 d). The measured mean SoS values 
in the tumors ranged from 1541 to 1572 m/s with the respective standard 
deviations ranging from 2.77 to 6.26 m/s. Also, the SoS values increased as a 
function of tumor size, though the limited sample size prevents establishing 
such a correlation unambiguously. In general, the reconstructed SoS values in 
the tumor regions are in the range of previously reported data for solid breast 
tumors [34] , yet longitudinal study with an increased sample size is needed 
to validate quantification by the proposed methods. 
Finally, the anatomical localization capabilities of the RUCT and SoS 
images were compared based on the segmented tumor areas from both 
modalities. While comparison between the extracted tumor areas yields 
similar values for both modalities ( Figure 4 e), slightly larger area estimations 
were generally obtained when segmenting tumors based on the RUCT images 
in 3 out of 4 tumor-bearing mice. In one mouse having the smallest tumor 
size (M2), the segmented area was slightly larger in the SoS image, though 
the actual SoS values were smaller, which may just indicate an early stage of 
the tumor development. 
Discussion and conclusions 
The presented results indicate that the marriage between diverse OA and 
US contrasts in one single TROPUS platform has the potential to provide 
complementary information for characterizing mammary tumors in mice. 
Angiogenesis is a central hallmark of solid tumors, representing formation of 
new vascular networks necessary to support tumor growth and metastasis. In 
our study, neovasculature was clearly observed in the areas surrounding the 
tumors in the OA images. However, tumor boundaries could not clearly be 
discerned based on the vascular anatomy contrast provided by the OA data. 
On the other hand, the tumors appeared as anechoic or hypoechoic structures 
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in pulse-echo US, although some mouse organs like the urinary bladder 
may have a similar appearance in those images. The improved resolution 
and contrast of SoS maps reconstructed with the FWI method facilitated 
the delineation of the tumor mass. In this case, we were able to assign 
the tumors to areas having sharp boundaries and a relatively uniform SoS 
different from the background. The extracted average values of SoS in the 
tumor regions could also potentially be used to distinguish malignant lesions 
from other regions with uniform SoS. Generally, reliable identification of 
tumors appears to be challenging in images from standalone modalities and 
the complementary information provided by OA, pulse-echo US and SoS 
images aided an unambiguous identification. Yet, further work is required to 
strengthen the synergistic and complementary value of the suggested hybrid 
imaging methodology. 
Even though the present study solely focused on the anatomical 
imaging capabilities of OA and US, these modalities are generally equipped 
with a range of additional functional and molecular imaging features 
that can aid tumor identification and characterization. Previous studies 
using MSOT approaches have demonstrated high-resolution readings of 
tumor oxygenation gradients across tumors [35] as well as perfusion and 
targeted uptake of nanoparticles and other molecular agents by the tumor 
microenvironment [31 , 36] . Similarly, Doppler and contrast-enhanced US 
imaging have been used for multiparametric characterization of functional 
tumor parameters [37 , 38 , 39] . From the imaging point of view, hybridization 
of multiple modalities based on US and OA excitation can enhance 
the reconstruction accuracy of those methods by exploiting synergistic 
information on the underlying optical and acoustic tissue properties [32 , 40] . 
The accuracy and quantification capabilities of the proposed system shall be 
validated in future longitudinal studies. 
Clinical translation potential is another important aspect of the TROPUS 
platform that can be explored for identifying new diagnostics biomarkers 
of breast cancer. To this end, pulse-echo US is routinely used in the clinics 
for anatomical guidance and characterization of breast lesions. Transmission 
US has also shown promising diagnostic results in clinical trials [41] . 
Initial clinical studies aimed at early breast cancer detection have also been 
performed with OA imaging [8] . In one recent study, a full-ring array 
analogous to the one used in the TROPUS system has been tested for OA 
imaging of human breast [42] , further supporting the clinical translation 
potential of our approach. 
In conclusion, we demonstrated the potential of TROPUS imaging for 
detection and characterization of mammary tumors in mice. The reported 
findings corroborate the strong potential of the hybrid imaging approach for 
advancing cancer research in small animal models and fostering development 
of new clinical diagnostic approaches. 
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